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ABSTRACT 5,13), flagellar assembly (6), arginine catabolism (7), alginate

production (8), rhamnolipid production (9), acetoin catabolism

(10), mannose uptake (11) and proline iminopeptidase activity (12).
The basic promoters recognized by thegEamily, although

Promoters recognized by the RNA-polymerase with
the alternative sigma factor ¢> (Eg®¥) are unique in

having conserved positions around —24 and -12 diverse in sequence, are normally configured around two
nucleotides upstream from the transcriptional start hexamers centered between —10 and —35 nucleotides upstream
site, instead of the typical —35 and —10 boxes. Here from the transcriptional start site (14). In contrast>fecognizes

we compile 186 -24/-12 promoter sequences promoter sequences with conserved GG and GC elements
reported in the literature and generate an updated located —24 and —12 nucleotides upstream from the transcriptional
and extended consensus sequence. The use of the start site +1, that is one DNA helical turn closer than the recognition
extended consensus increases the probability of elements in —35/-10 promoters (15). The aim of the present

work was the compilation and analysis of —24/—12 promoter
sequences reported in the literature, either based on
experimental analysis or identified by sequence similarity, and
the discussion of possible regulatory implications. With the

identifying genuine —24/-12 promoters. The effect of
several reported mutations at the —24/-12 elements
on RNA-polymerase binding and promoter strength

is discussed in the light of the updated consensus. information obtained we refined the consensus sequence of
c%-dependent promoters and carried out a comparative
INTRODUCTION analysis of the effect of reported mutations affecting some of

these promoters.

The upstream regulatory region of all bacterial genes or
operons contains the promoter, that is the DNA sequence
which determines specific recognition by the RNA polymeraseTHE —24/-12 PROMOTER CONSENSUS SEQUENCE
to initiate transcription. The eubacterial RNA polymerase is aye used three criteria to identify putative —24/—12 promoters:
heterotetrameric enzyme constituted by §nenef' and two (i) mapped transcriptional start site with or without additional
a subunits (1). This ‘core’ enzyme interacts with the initiation genetic evidence for the promoter; (ii) genetic evidence (mutation
factorc to form the transcriptionally active holoenzymesE  or heterologous gene expression); and (iii) putative promoters
The addition of thes factor confers upon the core the specificity reported in the literature on the basis of sequence similarity to
for the recognition of promoter sequences. the —24/-12 elements. A collection of 186 sequences satisfying

All known o factors belong to two different families: those any of the three selection criteria is shown in Table 1. The
evolutionarily related to thdescherichia colihousekeeping nucleotide sequences were obtained from GenBank through
factor 679, and those related to the alternative faatdt (2).  the National Institute of Health server (http://www3.nchi.nim.
Each family of ¢ factors has different promoter sequencenih.gov/entrez/ ). The sequence of each promoter including
recognition, isomerization and regulation properties’%loes 10 nucleotides upstream and 10 nucleotides downstream from
not form stable closed-promoter complexes, therefore transcriptiadghe highly conserved —24/-12 elements is shown in Table 1.
can be initiated spontaneously in the absence of activator proteiff®r 85 of these promoters their transcriptional start site has been
(3). In contrast, B> forms physically detectable closed- experimentally determined. A list of identified EBPs activating
promoter complexes but it is unable to initiate transcriptioneach promoter or the presence of putative EBP binding sites is
spontaneously. This polymerase is absolutely dependent ancluded in Table 2 for the cases reported. The relative nucleo-
additional transcriptional factors, denominated enhancetide frequency at each position and the consensus sequence for
binding proteins (EBPs), to initiate RNA synthesis (4p°£  each subgroup and for the whole collection is shown in Figure 1.
controls several ancillary processes including the degradationThe consensus sequences shown in Figure 1 are depicted
of xylene and toluene, transport of dicarboxylic acids, pilinfollowing a previously reported definition (14), where any
synthesis, nitrogen fixation, hydrogen uptake (reviewed imucleotide occurring with a frequency of more than six
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Table 1.Nucleotide sequence of the 186 —24/-12 promoters used in this study

GENE

hoxF
hoxK
acob
acoX
glnB
nifH
glnB
nifa
nifB
anfH
nifH
levD
roch
roca
glnIt
fixB
fixR
glnB
nifB
nifD
nifH
nifs
ndp
groESL3
fixA
hupS
nifD
nifH
flgE
fiaB
flaG
£1bF
f1bN
figF
£1bG
pillin
flgH
f£dhF
hycA
hypA
glnA

azu
ureD1
nifH
gltB
orfz
nifw

ORG.

Al.eut

Az.bra
Az, cau
Az.vin
Az.chr

Bc.sub

Br.jap

Cw.rhi

Cm.col

Cl.cre

Es.col

Kl.aer
K1.pne

KI1.oxy
Mx.xan

Ns.gon
Pr.rhi

Ps.aer

Ps.put

Rh.leg
b.vic

Rh.mel

Rh.BT
Rb.cap

Rs.rub

Rs.cen
Sl1.typ

ORG.

-24/-12 PROMOTERS WITH MAPPED TSS
~24 -12
ggttteccttaggecctgegaaatTGGCGCacatcCTGCGELecacctgagcA
ggttttecccaggtetteggat tcAGGCATagatCTTGTTEcaactatgtcG
cgttttttegttegattcacgececCGGCACageteTTGCGatctgeetgeeG
gctgtttteactgectgegegeacTGGCACagecaTTGCAaatacgertggeA
cagceggatcegeaacegetecgatTGGCACgeaacGTGCTEtacatcggA
atgatttaaaaatttttcgegaacTGGCACgggggATGCAGagaaggyygT
gtacgatctetgcaatggeacgaaTGGCATacatcGTGCTtacagttgtgeG
geegctteagggaacaccgacaggAGGCTGatcacTCGCAC gottttgeG
ttcaaaaacaattacttgaataatCGGCACgggtaTTGCTeggetcttgG
tgtttggtggcgeggecggtaaacTGGCACatgecaTTGCTLLatatacga
aggttatgtgtttgectegagtgeTGGCACagacgCTGCAt taggttcaG
tgaaaacgcttaacacaactgtgtTGGCACgatccTTGCAttatatatggatG
tagaaaacacacgaattcttgattTGGCACagaacTTGCAtttatataaagaG
TTTTTTCagcaaaagacaagaaaaTGGCATgatteTTGCAtttttattcataT
aaaacctccegeaatgeggectttTGGCACoctaaATGCTLgtaaacggT
actgacttcaatcgtetttgcaacTGGTACgacacTTGCTgttgtecctgC
gaagcgcatttacgtacategeagTGGCGCaaateCTGCTacgegtgegeG
ccaataatcagggeatttgcaactTGGCATagaccCTGCTEegaggaagl
cattecgegteatectegecacGGeatgcaagttGltaatectectgaa
ctagttttagtgetcatgagacceTGGCATgecggTTGCAaagtcttggh
agcttaaggtgecgggttagacctTGGCACggctgTTCGCTgataagegG
tgagcatcatcagegtetgegegeTGGCACgtgacTTGCTettagetagG
attgattgcactecgatttcaccttTGGCACgatacATGCGtaatcgtctaaa
agggcagategettagegeatttcTGGCCTgactcTTGCTacgggctgettG
gegagcggtoccaageggcgygggaTGGTACaagacTTGCTgttetettecC
cacttttgaatcgetecaggetgtTGECCTgetteTTGCTgtccttggegtcA
ctgttttttgcgeccaagagacccTGGCATgCtggTTGCAaaagtettgatcad
acgggcaagcgt TGGCACggcggTTGCTgataageggl
aaattcataaaaaatttcacaagtTGGAACagaacTTGCTtgtaaacT
aaaatttcaatttgaatcaaaactTGGAACactteTTGCTEtaatectttteG
aggtttaggtegtgtttteegagtTCGCCCgaccgTTGCTgagggags
aaaatttggttaacaagatggcggCGCGCCycaaaTCGCTecaagegaaagt
ceggegecgecgetgteggeccgcAGGCCCagageTTGCAAgCCcgetcgch
ttgattttaatggcattttagegeTGGCACaagygTTGCTLctgaggttaG
cgegtegecgggeegegeoegge tTGECGCegtecTTGCGgaagacctT
getggtgggcagaat TGGCCCggcaaTTGCTtcaggtectA
ceggegecgecgetgteggeecgcAGGCCCagageTTGCAageccgetegch
cagggaatgaccccacataaaatgTGGCATaaaagATGCAtactgtagtca
ctttaataacaataaattaaaagtTGGCACaaaaaATGCTtaaagctggcA
attcaccgragggataatcaacacTGGCACaattaTTGCTtgtagetggcA
gocttttaggggcaatttaaaagtTGGCACagattTCGCTLtatectttteT
tgtacatcaacaccaaaataaaacTGGCAAgcatcTTGCAatctggtigtA
cgaaasatcaaggagttgcaaaacTGGCACgatttTTTCAtatatgtgaats
ttataaatcaaaaagataaaaaatTGGCACygcaaaTTGTAttaacagttca
gcgacagecgaggaaatgcaaageTGGCAAgeaaaTTGCAaaagecaglycA
gecttttgggggcaatttaaaagtTGGCACagattTCGCTLtatattbLtT
tcatgeggttgegaaattaaccteTGGTACagcatTTGCAgcaggaaggT
tctttaaaaatcaaggetoeogetcTGGAGCgegaaTTGCAtctteccceeT
gagccgeggtagtgeaaageaaccTGGCACagect TCGCAataccectgl
taagaatacataaacaggcacggcTGGTATIELCCCTGCACLECECEgOtG
ctaactcttetgteatecgegageTGGCACaggetGTGCTLgaggeaal
tgtttotgeacatcacgecgataaGGGCGCacggt TTGCALggttatecal
tgatccecatcacccagecgtggeTGGCCGgaaat TTGCAatacagggaT
ttgasaaatattaattttattctcTGGTATcgcaaTTGCTagttegttaT
tgtttctgcttattacgecgataaGGGCGCacyggtTTGCAtggttatcal
ggggcttggagtgegcacctgggtTGGCATgegtaGTGCTAateccatcegeG
ctggaattcacttggeegegegtcGAGCACgCgtcTTGCTEtggctcacygeT
gteactgecgaattttgtcageceTGGCATgegtagTGCTaatcccatccgeggG
ttgatggtttttategegatttttCGGCATL tgec TTTCGIIgCagcttgts
ctgctttttgtgetegegecgegeTGGCATgetegTTGCAgtettgttcad
aagcttaataagegeggacagtgtTGGCATggegaTTGCTgttgagT
cggtcagtatctteaggaactceggCGGGCAacgcaCTGCCaaaccecectG
cgcteagtygtttcaacgaccggtcGGGCCCacgegTTCCACtEcceeeG
tcggcgggggcgaaggcacegeagTGGCACtcgaaTTGCTataagaaccatgG
acaagaacgaactctacgtaatgceCGGGATacccgTGGCAgcgatagctgttT
tatttegegagegggacaaacggcCGGAACttcccTCGCAgagaaaaca~-N10-G
ttgattttcaaatgaaaaaaatttAGGCACgggtaTTGCtatatcteegteG
aaataaggggatcggtataageaaTGGCATggcggTTGCTagetatacgagA
taaaaagaacgtettegttctgetTGGCGTLtatttTTGCTEggaaaagts
ttttetttegegtgggeccaaaacTGGCACgctacGTGCTtttaaageatlC
ttttegagaagatggatttoaaacTGGCACgatatCTGCAtcatatceggel
tgttegteagetcaatoggecgetTGGCACgaatc TTGAGagctattgagas
aagtggcgacgecccaaagegagtTGGCACgLLLgATGCTtaaggcaaatG
attgatatttcgatattatcctgtTGGCACagegeTIGCTEEELLggacG
ccgagtagttttatttecagacggeTGGCACgact tTTGCACgatcagecctG
ttegttocagecactectgotgecCGGCACgacttTTGCAagatcacccygG
cattgcttcagtcactotgeggecTGGCATgact tTTGCAcgattateecT
ccgagtagttttatttecagacggeTGGCACgacttTTGCACgatcageecT
gaaggaagcacgggcaagegt PTCGCACggrggTTGCTgataageggC
gtcattatttgegaaaattceggtTGGCACTatggCTGCTgtagaagetgt
BceggeaageooegeeeggegygcygcTGGCATggeccTTGCTgegeggtttte
ccacttgggtgatcattgaaccagTGGCACgaggcCTGATaagggatccccA
ttgcagaggtgggctcaggegtecTGGAGACgegaCAGCGetecgaG
gracggtgegggtegtcegegaggGGGCAGggatgTCGCTCcaggyC
geettttgggggcaatgtgaaagt TGGCACagattTCGCTEtatattT

-24/-12 PROMOTERS WITHOUT MARPPED TSS

-24 -12
acttgtgcgtggcaggcagegacgcAGEGCATgtgecTGGCGegagtegaay
gctgegoggeagegeegguatttgTGGGTCatacgCTGCTtacgcgaage
gtgcttagattattttagaaacgcTGGCACaaaggCTGCTattgecctgt
gggttccaggagtecattteggecTGGCGGgygtgAAGGGgregaagtee
atttaaaatcaaagacttaaaattTGGCACgctgeTTGCTgatectatga
cceegeegttaagegegatecggeTGGACGacctgCCGCTegacggeate

GENE

nifB
fixA
nifo
fixA
nifE
nifF
nify
nifH2
nifu
nifM
orfll
orfl0
orfl2
orfs
orfé
orfs8
vnfENX
anfA
vnfa
vnfon
vnfH
nifH

‘nifyM

nifu
flgL
£1bG
flgr
cely
hrpN
arg?T
FixA
nifa
nifB
nifH
nifLA
niflL
nifB
nifH
nife
nifI
nifyg
nifz
nifs
nifF
nifH

fixw
dctA
fixz
glna
fixA
nifB
nifB2
nifHl
nifHa
nifHc
D-ala
dctA
dceB
£ixD
glnB
mosB
nifB
nifN
nifH
nifH
nifQ
fixA
fixB
nifkE
nifB
orfé
nifu
niffF
anfH
nifH
nifH
ntrs

ORG.

Az

Az

Cc1

Es.

Hr.

En
En

K1
Mb

Mc
prr

Ps
Ps

Rh

.cau

.vin

.chr

.cre

.chr

col

ser

.clo
-agg

. OXy
. the

.cap
Lvul

.put
.Syr

.leg

b.pha
b.tri
b.vic

Rh

Rh

Rh,
Rh.
Rh.

Rb.

.pha

.mel

cap

.rub
.fer

1. typ

~-24/-12 PROMOTERS WITHOUT MAPPED TSS
-24 -12

ctgaaactccacacttcacceggtTGGLCCegaacTTGCTEL taacgacc
cgegttttegggctgaaagacagt TGGTACgacacTTGCTcattecteee
ccgeggactggecategecagtacTGGCACgggeaTTGCTtggaccteat
tatagaaatcctotgtttegggtgTGGTACggetgTTGCAgtttcactgt
ccttttaatcaggegettgectteTGGTACaggcaTTGCAatgateceatt
taaatgtgttegggatttggggagTGGTCTget teTTGCTgttactcacc
gotttatttatgtgttgegggtgeTGGCACagacgCTGCAttacCtttgy
caatcatcgacttatcgatccttgTGGCACegeeeTTGCTcaact gt
gaatgecaccaacagttgtggttgTGGCAAgtcttTTGCTLtgttgaataa
accatgtecactteggegacggtcTGETATEgeagGTGCCegagcagage
tgatttaaaggaaatattttccaaGGGCATcccaaTTGCAtatggeeggt
ggcycaageggygcegeaaggcgeAGGCAGgegacATGCACgageggcce
attagttaaacaacgaaatcctttCGGCACacttaTTGCAataggttgte
ctgttttttctcaatttaacgcatTGGCAAagtctTTGCActeccagatge
agataaaattttaaacatatggcgTGGCATgecggTTGCAgraatacctt
cgtegggeegtacccacteeggyygTGGCCGagtgaTCGCTggaaccacyy
tcagggacgcgggtettgegegatTGGCGCgacctTTGCTecagetcety
gacatatatatcgataaggcgggcTGGCCCtaaaaTTGCTettactega
gacatatatatcgataaggegggeTGGCCCtaaaaTTGCTcttactcgag
attcegcaacgeogeaagggcatcTGGCACgecateCTGCCatttectett
caacatatgaaattcacatcttgaTGGCACcacccTTGCTecatccccty
caacatatgaaattcacatcttgaTGGCACcacccTTGCTecatecccty
accacgtgcatttcggcgacgggceTGGTGCLgcagGTGCCegageagagt
gaatgccagraacagetgtggttgTGGCAAgtettTTGCTEgctgattag
ttttcetegattttggegeggggeTGEGCCCygecgeTTGCGatggttage
aggtttaggtegtgttttecgagtTCGCCCgacegTTGCTgagggagge
agggcttggacacgctcataaaacTGGCCCyct teTGGCALggggeggeg
geagcegtcagatggegeatggegaTGECGGeggtgTTGCAggagetetac
agtatccatcatgatgcctacatcGGGATCggegtGGCCAtccgttgeay
tgaatgttactgttgtcegtcaagaTGGCATaagacCTGCAtgaaagager
aatcagtttgttatgttcocttttgtGGGTARaaaaaTAGCAtctgacttte
cgagatcgattcatgcatctgct tGGGCATgaagt TTGCTLgaccagcaa
attgaattgattgattattttgtcTGGCACggtttTGGCTatgtecteay
tggcttggaategttibbtgatggTGGCACggcatTTGCAaagagagyty
gttaacgcctgttaatgecogeagaAGGTGCactet TTGCAtggttaatgt
cetttgggeagataagtecgegaaAGGCCTgecaaaTTGCAgggttattac
aacaatttatatcattttttcaggCGGTATaacctTTGCAgatattcaga
aatgggtttacagetttggeatggTGGTACAaacaCTGCAatagoctgta
gtttaaaatcagcaggtaatccgeTGGCCTgetecPTGCAaccttcacce
ttgaaataacgctgataatgtgacTGGCATcacaaTTGCTcagtagtecat
atatattaatacaacccttctgtcTGGCATgtcccATGCTEgtteettte
ataacgaccgegegecctggetgeTGGCGCgaagaCTGCTegcyggagage
tcatgeggttgcgaaattgacctcTGGTACagecatTTGCAgecaggaagat
gggccgeggtagtgecaaagaaacceTGGCACage “GCAatacccotgt
tgatctggtttetgtteatgtttaAGGATALCLgaGCGCAtaatttteag
tgcgecattegaaacgaaaacgaaTGGCACttaacTCGCGggtaaaatca
gtatatatccctttttatataagtTGGCATggt LETCGCAatagtatttt
goggctgcacggacegteccgacgCGGTATCga taAGGCAacgacaacaa
ggacgttgegtegcaggcgcgaagCGGCACatctgTGCTAaaacaggagt
aatgtcgatctacgttecagagctgTGGAGCcgaggTTGCTeegettettyg
accttgaagtetgttttcagacctTGGCACagecgTTGCTEgatgtectyg
agtaacttaaataattattttggcTGGCACgattaTCGCTatagggetty
cagagccacaattttctaaaacttTGETCGctgtaTAGCTtcagecagtey
ccttggeaacaggatgtttgotgtGGGATAcgecagTTGCAataactgeac
atcttettgeggegcaacctttatTGECACgagtaGTGCTeagagtaage
atcctcaageggegetggggeatgCGGGCCatgegGGGCAtgecggacy
caccagegtttgttgteccaaccgaTGGAACgagegCCGCTettcgaaa
atcggttggttggcgacttaaaacTGGCACggegaTTGCGaaggaggtgg
gtgcectettegaccgggegecgaTGGCTCectctATGCCeggeygygcege
ttttegagaagatggatttcaaacTGGCACgatatCTGCALcatateccgyg
atgtgatagagaacgccaaacggtTGGCACgaatgATGCACgcaageaty
ccggcaaggtgacgtttcotcagacTGGCATegeteTTGCTegeggaacty
cttaaagaaatcccegtecttgggaTCGCATggcttTTCCCLtttgaaagy
ttecctttggetegateggeccacaTGGCACgggttTTCAAgattaccaty
ttectttggetogateggeccacaTGGCACggyttTTCAAgattgecaty
gtgttttatatgctgetgceecacaTGGCACgggt tTTGAAgattgccaty
gggattgaccactgatogetttgaAGGAAGaaaggCGACAgggcactgga
acagcagtggctgecttgtggageTGGTCAgcaacATGCGtgecagttty
tegeataggecttecgeggcaaacTGGCACgeatgTTGCTgacaagetee
attaagcgggcgagaaaatgactaAGGTGCteccaTCGCAactcgttcag
tgegtegtcattectetacaaaagTGGCACgctacGTGCAtagtgtgagy
attattttagtaactccctaeggecTGGCACgacttTTGCAcgatcageee
gccaatccattgacgaaaaggat tTGGCATagetgTTGCTggttgaatty
gtctttagetgaagtaaacaaaatTGGCACgagttTTGAGattececeggte
gttetgectatcaatcageotecaatTGGCACgacgeTTGAAaattgttcac
ttototggeteacectectegactTGGCACgget tTTGAAgCcttectty
accetteggetecagecagactggatPTGGCACgaat tTTGAAacgcccecyy
attgatatttcgatattatectgtTGGCACagegeTTGCTEEELLggacy
attgatatttcgatattatcctgtTGGCACagegeTTGCTELEttgoac
ctgcaaagaccgggtegtttcaccTGGCACgttgeTTGCTtcateccctee
gtgccaatggececygcegeyggaccTGGCACggttcTTGCTgcatccctga
cttgctttecccecegeccgeatggtTGGCACgCtteTTGCTgcatecctyga
cttgcttgeggggceegttacggtTGGCACgect teTTGCTggatcattte
gygcttcgaaaccgogegeaaagecTGGCACgaagCTTGCGaageaactge
gggcatttegeccogaageegec tTGGCACgaggaCTGCTetatagggtt
caaaaaaatcgggcaaatcaggt tTGGCACgCctggGTGCAt taacggggt
gtgttaaataggccatgatgaactTGGCACggeccTTGCAacagegagga
cagggggctgtgttectgacggt cTGETGCgct tETTGCTE tactgagea
cgaatcgttttgetgacgtgaaaaTGCGCATaagacCTGCAtgaaaaagte
gotttgecttgteggectgattaaTGGCACgatagTCGCAteggatetgt
taattttctegetgecteotttgeeTGGCATagect TTGCTLLggtgaata
ttgaaattaatggaatatttttttTGGCACOgL LETGGCTLtagttaaaa
tgttgattttaaacatgaatggctTGGCATgactcTTGCGLgccaageeca
gagcgaagtgagttgagtaaaaagTGGCACggaagTTGCTaatacaaca
ggtetegeteccaatagegttectgTAGGATcteLETTGCAacgaagtct
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standard deviations from the expected random occurrence of,,
each nucleotide (0.25) is denoted highly conserved (uppel 100
case), between three and six standard deviations is denoted weak
conserved (lower case), and below three standard deviations is n
significant (N). As previously reported, the highest conservation
was found around the —24 and the —12 elements (15). Arounc
the —24 element, from position —31 to —20, there are eight
highly conserved and three weakly conserved nucleotides witt
the sequence mrNrYTGGCACG (Fig. 1). Around the —12 element
(positions —15 to —8), there are five highly conserved and ONE cosenses T m v m T 8 T v 766 caco NN 7T
weakly conserved nucleotides with the sequence TTGCWNNw. g,
Thus, the mrNrYTGGCACG-N4-TTGCWNNw sequence is the
updated consensus for the —24/-12 promoters.

The subgroup with mapped transcriptional start site
presented the extended consensus sequence but not tl
subgroup without mapped transcriptional start site (compare
Fig. 1B and C). This discrepancy probably reflects the inclusion
of incorrectly assigned —24/-12 promoter sequences in the
compilation of the latter group. When the consensus sequenc
is displayed as the most frequent dinucleotide (Fig. 1D), it consensus N w8 W m N 7 ¥ TG GCACGNNNNT TGCWNNwN NN NN N
becomes apparent that at some positions one type of dinucleotid
is strongly favored. For example, at position —14 T is by far the 1007 ]
most abundant nucleotide (85%) but the presence of a pyrimidine
is almost 100% conserved. Similarly, at positions —20 and -21 R
and Y are >90% conserved.

A comparison of the consensus sequence derived by grou
and the relative occurrence of the most common nucleotide a
each position is shown in Table 3. In the subgroup with
mapped transcriptional start site, the G at the —24 position is
100% conserved; the G at the —25 position is 99% conserved consenss °
with the exception of theMyxococcus xanthugene 4521 D)
promoter (16,17); the G at the —13 position is 96% conserved 100
with the exception of th®seudomonas aeruginosa op{EB),
the E.coli ginH and theNeisseria gonorrhoeae pifl2,19)
promoters; whereas the C at the —12 position is 96% conserve:
with the exceptions of thélcaligenes eutrophus hoxgO0),
the E.coli pspA(21), theRhizobium leguminosarubiovar viciae
nifH (22) and theRhodospirillum rubrum ging23) promoters.

9]
B3]

Relaiive Occupancy
per Position (%)

Relative Occupancy
per Position (%]

3

=]
S

Relative Occupancy
per Position (%)
£
=]

20

SCWNNNNNNNNN

3 3
af ~

Relative Occupancy
per Position (%)
[

20

CONTACTS BETWEEN g5 AND THE PROMOTER IN Consensus " NN NNr Nt YYRRYYYRNNNNYYRYWNN: NNNNNN
CLOSED COMPLEXES AND RELEVANCE OF EACH

POSITION
. . Figure 1. Relative frequency of each nucleotide per position and consensus
Comparison of the deduced protein sequences of d¥fe sequences of the —24/~12 promotefs) Entire collection of the 186 —24/—12

factors showed that they are highly conserved (24): two welpromoters and putative promoters3)(the 85 promoters with mapped
characterized motifs. a helix<turn—helix and a high|ytranscriptional start sitesC)) the 101 putative promoters without mapped

. . ranscriptional start sites;D) dinucleotide frequency composition of the
conserved sequence of 10 amino acids known as RpON-bO promoters with mapped transcriptional start sites. R, purines; Y, pyrimidines;

are involved in the recognition of the —24 and —12 promoteky is A or T. Poisson statistics were used to express the standard deviation for
elements, respectively (25-27). The promoter residuesach nucleotidés3).

(Table 1, opposite)he first column is the gene name and the second column the organism name abbreviated as followaloaligenes denitrificangil.eut, Alcaligene
eutrophus A.fae, Alcaligenes faecalisAz.bra, Azospirillum brasilenseAz.cau,Azorhizobium caulinodan#\z.vin, Azotobacter vinelandiiAz.chr, Azotobacte
chroococcumBc.sub,Bacillus subtilis Br.jap, Bradyrhizobium japonicurCw.rhi, CowpeaRhizobium Cm.col, Campylobacter caliCl.cre,Caulobacter crescentus
En.agg,Enterobacter agglomeran&n.clo, Enterobacter cloacgeEr.chr, Erwinia chysanthemiEs.col, Escherichia coli Hr.ser,Herbaspirillum seropedicge
Kl.aer,Klebsiella aerogenel.oxy, Klebsiella oxytocaKl.pne,Klebsiella pneumonigéMb.the, Methanobacterium thermoautotrophicuMc.cap,Methylococcus
capsulatusMx.xan, Myxococcus xanthusls.gon,Neisseria gonorrhoeaér.rhi, ParasponiRhizobiumPt.vul, Proteus vulgarisPs.aerPseudomonas aerugingsa
Ps.putPseudomonas putid®s.syrPseudomonas syringah.leg,Rhizobium leguminosaryr.pha,Rhizobium leguminosarubiovarphaseoli b.tri, Rhizobium legu-
minosarumbiovar trifolii ; b.vic, Rhizobium leguminosarutriovarviciag Rh.mel,Sinorhizobium melilofiRh.phaRhizobium phaseglRh.sp,Rhizobiunsp.; Rh.BT,
RhizobiumBTAI1; Rh.tri, Rhizobium trifolii Rh.pNG, Rhizobiumplasmid NGR2; Rb.capRhodobacter capsulatu®s.rub,Rhodospirillum rubrumRs.cen,
Rhodospirillum centenumTh.fer, Thiobacillus ferrooxidansSl.typ, Salmonella typhimuriumVb.alg, Vibrio alginolyticus Vb.cho, Vibrio cholera TSS,
transcriptional start site. Promoter sequences from 47 organisms are represented in our study. However, for only 33 of tipoNgenghbeen identified and sequenced.
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Table 2. Regulatory features derived from the analysis of the 186 —24/—12 promoters used in this study

Organ.

Al.den
Al.eut

Al.fae
Az .bra

Az.cau

Az.vin

Cw.rhi

Cm.col

Cl.cre

Er.chr

Es.col

Hr.ser

En.clo
En.agg

Kl.aer
Kl1.pne

glnB
nifB
nifD
nifH
nifs
ndp
groESL3
fixA
hups
nifD
nifH
£flgE
flaB
£laG
flgL
£1bF
£1bN
£1bG

TSSD

14pb
13pb

13pb
14pb

11pb

10pb

13pb
12pb
1l4pb
15pb
11pb
9pb
13pb
9pb

13pb
13pb

12pb
10pb

1lipb
13pb

12pb
12pb
12pb
12pb
12pb
13pb
12pb

EBP

NifA

LevR
RocR
RocR

NifA

F1bD

FlbD
F1bD
FlbD

F1bD

PspF

Bin.site

Nifa

IHF,NifA
Nifa

Nifa
Nifa
Nifa

NifR
NifA
Nifa
IHF,NifA

IHF, AnfA
NifA
Nifa
Nifa
Nifa
NifA
Nifa

IHF, NifA

IHF, LevR
RocR
IHF, RocR
NtxC

RegR, NifaA
NerC

NifA
IHF,NifA
NifA
IHF,NifA

NifA

FhlA

IHF,FhlA
Fhla
NtzC
NtxC,NAC
IHF, NtzC
IHF, PSDF
NifaA
Nifa
Nifa

NtxC
NifA
NifA

NifA
NtrC, NAC

Distance

49
40,143

163

100

96
31,174
76

64,105
70,79

95
63
113
87

63,212
45

81

106

86

94

87

19,100

41,80
69,110
18,88,132
78

43,60,81

69
71,100
52
46

71

82

75

21,51

54
16,37,71

88

76,108
42,118
74,86
2,63,84

82,112
55,97

163
93
94

107
42,119
74

Reference

(56)
(58,59)
(20)
AEY13732
(10)

(65)

(66)

(68)

(70)

(72)

(13)

715

1),

(19)

(80)

(79)

(81)
X65515
(82)
(84,85)
(87)

(85)

(89)

(85)

(85)

(91, 92)
(85)

(85)

(85)

(85)

(85)

(85)

(100)
(85)

(85)
(104)
(106)
(107)
(111)
(113)
(113)
(38,116)
™
(7,118)
(120)
(121)
(122,123)
(124)
(120)
(125,126)
(128,129)
{130)
(132)
(134)
{135)
(137)
(139)
(139)
(140)
(141)
(41)

(143, 144)
(147)
{148)
(41,43,150)
(150,152,153)
(41,43)
(150,153, 154)
(156)
(150,153)
(159)
(161)
(162)
(163,164)
(166)
(168,169)
(169,171)
(3,173,174)
{176)
(19,178)
(21,179)
(181)
(182)
(181)
(184)
(185)
(185)
(189)
X99694
X99694
(189)
(176,194)
(163)

Organ.

K1.pne

K1.o0xy

Mb.the
Mc.cap
M3 .sxan

Ns.gon
Pr.rhi

Pt.vul
Ps.aer

Ps.put

Ps.syr

Rh.leg

b.pha
b.tri
b.vic

Rh.pha

Rh.mel

Rh.sp
Rh.BT
Rh.tri
Rh.pNG

Rb.cap

Rs.rub

Rs.cen
Th.fer

s1.typ

Vb.alg
Vb.cho

Gene

nifB
nifkE
nifF
nifH
nifg
niflL

nifz
nify
nifL
nifB
nifF
nifH
glna

4521
pila
pip
nifDp
nifH
glna
algC
OprE
PhhA
cpG2
niraA
rhlAB
algD
£leSR

xyla

£flrB

TSSD

1lpb
1lipb
11lpb
12pb
10pb
11ipb
1llpb
11pb
1lpb

1l4pb
14pb
16pb
13pb
12pb
8pb

1ipb
10pb

12pb
12pb

12pb

11pb

13pb

13pb

13pb

8pb
8pb

EBP

AlgR

PhhR

Rh1R
AlgR
FleQ

DetD

Bin.site

IHF,NifA
IHF,NifA
Nifa
THF,NifA
IHF,Nifa
NexC

IHF,Nifa

Nifa

Nifa

AlgR

PhhR

RhIR

IHF

IHF, NifA
IHF

IHF, XylR
IHF, XylR

DetD

NifaA

Nifa
Nifa
Nifa

NtrC

NifA

NifA
Nifa
Nifa
Nifa
NifA
NifA

Nifa
Nifa
NifA
IHF,Nifa
NifA

Nifa

NtrC
IHF,NifA

IHF,NifA

NtzxC

NtzC
NtrC

Distance

91
3,33

9,96
14,107,153
137

2,76,85

91

41

69

61,146
187
51

13,151
33,391,468
5,42

28
33,100,131
6,113,143

75,108

67

70
91
85
90

73

17

41,61
34
88
89
81
67

88

74
74

79
90,121

74,119

115

103
74

Reference

(129,142)
(130,197)
(57)
(60,61)
(61)
(62,63)
(64)

(64)

(67)

(69)
(69,71)
(69)

(74)

(76)
(17,78)
(16,17)
17)

(12)

(48)

(48)

(83)
(8,86)
(18)

(88)
(90,93)
(56)
M97294
(9,93)
(51,55)
(6}

(94)
(95-97)
(97-99)
L36536
(101)
(102)
(103)
(105)
(103)
(108,110)
(112)
(114)
(115)
(117)
X16311
(119)
L11084
L11084
(22)
(127)
(127)
(131)
(133)
(109)
(108,136)
(138)
(60)
U50385
U23753
(60)
(142)
{145,146)
{145,146)
(149)
(151)
(155)
(157)
(158)
(160)
(160)
(160)
(165)
(167)
(129,170)
(172)
(175)
(177)
(170)
(180)
(23)
(129,183)
(50)

(49)
(186-188)
(186)
(190}
(190,191)
(192)
(193)
(146)
(195)
{196)
{198)
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Table 3. Comparison of —24/—12 promoter consensus sequences

COMPARISON OF ¢54-DEPENDENT PROMOTER SEQUENCES

-25 -24 -13 -12

A)
N N NN NN NNNT G G C A CG r NNNTTG C WNNNNNNN N
83 99 100 74 72 65 55 67 73 79 99 92 87

B)
N N NN m r N r Y T G G € A C G N NN NT T G C WN N w N N N N N
75 70 67 82 76 99 100 82 75 67 55 75 86 96 96 89 66

C)
t N NN m r N r Y T G G ¢c A ¢C G r NN NT T G C WN N w N N N N y
34 63 61 63 72 80 99 100 78 74 66 55 64 74 82 97 94 87 64 62

D)
N NN N mr Nr Y T4 G ¢C A CGNUNNUNTTGT CWNNUWDWNNNNN

Numbers under the sequences represent the relative occurrence of the nucleotide at that position (percent).
A, consensus sequence from the 186 compiled promoters.

B, consensus sequence from 85 promoters with mapped transcriptional start site.

C, consensus sequence from 101 putative promoters without mapped transcriptional start site.

D, consensus sequence obtained from the comparison of groups A, B and C.

contacted by B have been extensively described (28-31): »
o contacts actually extend from positions —31 to -5, although @
only for the GG and GC dinucleotides at positions —24 and —12 0 o]
have specific protein—DNA interactions been detected (30).
Further addition of the core polymerase induces a distortion
downstream from the —12 element but the reactivity towards
methylating reagents did not change, indicating that the core
subunits do not contact the promoter directly but throogh
(29,30,32). It has been proposed that the —24 element functions —
as an attachment determinant far®®whereas the —12 element

is involved in the fine modulation of an already established
closed-complex towards its isomerization (33).

Mutations reported elsewhere helped to identify positions
critical for the promOte.r fur.]Ctlon (16'27’34_38)' Table 4 Sh(.)W. igure 2. Distribution of transcriptional start sites for the 85 —24/—12 promoters.
Several_ repo”ed mutations in —24/-12 prc_)mOterS_and a quantitatiffe reference position is the conserved C of the —12 element.
analysis of their effect. All the changes in the highly conserved
positions —25/-24 and —13/-12 are down-mutations, reducing
drastically the binding of &* (31,33) and the expression,
except for theM.xanthusA521 gene promoter which has an A TRANSCRIPTIONAL START SITES IN —24/-12
at —25 (Table 4, lane E) (39). Qualitatively, similar changessROMOTERS
reported in theAzorhizobium caulinodans nif&0), theCaulo-
bacter crescentus flo@ndflaN (41-43) and th&lebsiella pneu-  ¢'-Dependent promoters generally initiate transcription at a
moniae nifH(44) promoters, also presented a down-phenotypelurine, adenine being more frequently utilized than guanine
Mutations in the.pneumoniae niftpromoter at the —26 and —16 (14). The selection of this nucleotide is influenced by the
positions decreased the expression by 25% and at the —$§quence around —35 and by the composition of the —2 to -5
position by 75% (35,37), whereas simultaneous mutations #ositions (46,47). In our collection of 8%>-dependent
the —17, —16 and —15 positions decreased the expression Byomoters with a mapped transcriptional start site a significant
55% (Table 4, lane C) (35). The substitution of the latterproportion of them (64%) also initiate transcription at a purine
residues for three Ts enhanced tb& and E55 binding  (Fig. 2). Inc’-dependent promoters the spacing between the
affinities bothin vivoandin vitro (31,40,45). Mutations around first nucleotide of the —10 element and the transcriptional start
the —24 region that increased the similarity to the consensusite is usually 6 or 7 nt, although functional examples between
for example, a change of G for A at the —22 position in the4 and 10 nt have been reported (14).

K.pneumoniae niflpromoter, enhanced the expression level The first group of —24/-12 promoters being characterized
more than 2-fold (34). initiate transcription precisely 12 nt downstream from the

Number of promoters

I al
e

[alc G

9 10 11 12 13 14 15 16 17 18 19 20 21

® o

Nucleotides downstream from the -12 element

(Table 2, oppositeprganism names are as in Table 1. TSSD, distance from the transcriptional start site to the C of the conserved —12 element; EBP, experimeatally identif
activator of the EBP family; Bin.site, possible EBP binding site identified by sequence similarity; Distance, the distance from the second Gedéthert2o the EBP
binding site.
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Table 4. Effect of some mutations in —24/-12 promoters

A) T 6 G ¢ A c G N N N N T T G ¢ TA N N A N N N

B) Kp-nifL G G G c G c A (o G G T T T G C AT G G T T A
AG) A@ T(18) A @61 T (116) T(12) AGB3) A3 AG) T(Y

C) Kp-nifti T G G T A T G T T c c ¢ T G c A C T T c T c

T T T (45
€ (75) A(102) T(109) T(78) T2H C® AQ) T(D

D) Bs-levD T G G c A c G A T c c T T G c A T T A T A T
c G (17 A2) A() c(y)
A cm
TQ)
E) Mx-4521 G A G C A c G c G T c T T G c T T T G G c T
A(99) T(76) T(4) T AO® Ta3) T(128) C(76) T c9) A(147) T(135) A(116) T(81) C(62)
A(122) c®) T(102)
F) Kp-gind T G G (s} A C A G A T T T C G c T T T A T A T
A(12) A (10) A A1)

C(12)C4) C(14) GQ2)
T TO) TQ6) T(4)

Relative values (%) are shown in parentheses.

A, consensus sequence from the —24/-12 promoters with mapped transcriptional start sites derived from this analysis.
B, mutant forms of th&.pneumoniae niflpromoter (34,37).

C, mutant forms of th&.pneumoniae nifibromoter (35-37).

D, mutant forms of thé.subtilis levDpromoter (38).

E, mutant forms of thél.xanthusA521 gene promoter (16).

F, mutant forms of th&.pneumoniae ginfromoter (27).

conserved GC element; this coincidence led to the operationaf the DNA helix seems to be a necessary condition for the
designation of these promoters as —24/—12 (15). Our updatdxinding of E5®%. Although there are no published examples of
compilation of 85 promoters with mapped transcriptional starhucleotide insertions between the —24/-12 elements, it is
sites from 28 different species provides evidence that the initiaieasonable to predict that any insertion might severely disrupt
nucleotide selection is more flexible than initially considered.promoter function.

In Figure 2 we present these data as a Gaussian distribution

similar to that obtained from the analysis ofdependent

promoters fromBacillus subtilisand E.coli (48,49), with the SUMMARY AND CONCLUSIONS
significant difference that instead of the preferential use of aere we present an updated compilation a5f-dependent
single position, the use of nucleotides 11, 12 and 13 dowrpromoters and the derivation of an extended consensus
stream from the GC for initiation of transcription is roughly sequence. The new consensus extends from positions —8 to —31
equally frequent (24, 20 and 27% respectively). relative to the transcriptional start site (Fig. 1 and Table 3).

A few examples of transcripts starting 3 nt before and aftetnterestingly, the observed contactsa with the promoter
positions 11-13 have been also described and were includediNA span exactly this length (30). Although the informational
the analysis. The shortest distance reported is 8 nt for theontent of the extended consensus sequence is still low to
Parasponia rhizobium niff50), theRhodospirillum centenum accurately predict —24/—12 promoters, profile searches using
cheAY(51) and theR.rubrum nifJ(52) promoters. At present, this sequence increased 4-fold the probability of identifying
there are no reported examples of transcriptional startsona fide promoters in the bacterial subgroup of the EMBL/
between 17 and 20 nt. The longest distance reported is 21 nt f@enBank database, compared to the previous consensus (data
the P.aeruginosa algDpromoter (53,54). Based on these not shown).
results it is not possible to predict accurately a transcriptional The consensus sequence derived from our collection of 186
start site for —24/—12 promoters based solely on the promoter24/-12 promoter elements and putative promoter elements
sequence. from 47 different bacterial species shows a remarkable conser-
vation both in sequence and in structure in contrast to the flexible
consensus derived froaT%-dependent promoters. This conser-
vation symbolizes the strict requirements for promoter recog-
nition and function required for a highly controlled regulation.

SPACING BETWEEN THE —24 AND —12 CONSERVED
ELEMENTS

The optimal spacing between the —35 and —10 element&in

d(lapenden.t promoters is 17 +/- 1 nt, but functional promoteriCKNOWLEDGEMENTS

with spacing between 15 and 20 non-conserved nucleotidés

have been reported (14,55). In contrast, deletions of one e wish to thank Ricardo Grande and Mariana Peimbert for
more nucleotides in the stretch between the —24/-12 elementtseir comments on the manuscript. This work was supported in
abolished promoter function (16,36,41-43). Thus, a stringerpiart by a grant from Consejo Nacional de Cienciay Tecnologia
requirement for these motifs to be positioned on the same fag€onacyt). H.B. was recipient of a Conacyt scholarship.
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